A space manipulator needs to exhibit high stiffness for tracking, and good compliance for capturing a tumbling satellite. However, the elasticity caused by harmonic drives challenges both the highprecision motion and the flexibility of the manipulator. In this paper, we propose a novel control method based on a robust torque-tracking controller to eliminate the unexpected vibration resulting from elasticity and reject the perturbation caused by nonlinear friction of the motor. In order to achieve the high-precision motion of the manipulator with uncertain dynamics, we combined the method with an improved adaptive method. The position-based impedance control, taking both the translational and rotational impedance into account, is added to achieve the soft-capture of a tumbling satellite. The stability of the proposed method has been strictly proven by the Lyapunov method. The space manipulator is mounted on a controlled chaser, forming a free-flying space robot. A loose coordinated control between the chaser and the manipulator is adopted in the task simulation. The simulations for verifying controller performance and the task simulation reveal that the manipulator has high-precision motion performance in the pre-capture phase, achieves soft-capture in the capturing phase and offers a reliable connection between the chaser and the target in the de-tumbling phase.
I. INTRODUCTION
The removal of malfunctioned satellites has become increasingly more urgent because the growing amount of non-controlled satellites pose an increasing threat of collision with on-orbit spacecraft [1] , [2] . Space robotics is considered one of the most promising approaches for orbital debris removal. Many enabling techniques have been developed in the past two decades [3] - [7] . In ESA's Active debris removal mission, the ENVISAT, a malfunctioned and tumbling satellite, was chosen as a reference target. DLR and OHB designed a rigid capture strategy with a 7-degree-of-freedom manipulator, a gripper and a clamping mechanism [8] - [10] . This capture strategy is versatile, reusable and capable of performing post-capture repair operations.
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Generally speaking, a malfunctioning target is not only non-cooperative where there are no specific interfaces for grasping and markers for visual servos, but there are also challenges in nutational motion [11] , complicating the control of the manipulator. Space manipulator actuators are usually driven by harmonic transmissions, having un-ignorable elasticity. Besides the elasticity, there are other distinguishable factors, such as friction, nonlinearity, and electrodynamics of the motor [12] , [13] , all limiting the performance of the space manipulator.
Control of a flexible-joint manipulator can be classified into two categories. The first category is the model-based control that considers the dynamics of the flex-spline as a pure torsional spring [14] . This model of a flexible joint is fourorder. A PD controller on the motor variables is sufficient to ensure global asymptotic stabilization. However, the link position is required to be accurately controlled. The most natural choice is a feedback from the link variables. The system will be unstable if the link variables are chosen in PD controller [15] . Singular perturbation-based (SPB) strategies consist of a slow control action designed on the basis of a rigid robot model and a fast control action designed to damp the elastic vibration at the joints [16] . Similar to the computing torque method for a rigid manipulator, the dynamics model of a flexible-joint manipulator can also be decoupled and linearized, but both motor and link angular positions and velocity are needed [17] . A back-stepping approach can also cope with flexible joint control. allowing one to specify a physically interpretable control law at the highest state level and guarantees stability in subsequent levels [18] . The second category is the input-output-based control that uses a linear input-output block and design controller with a robust method such as H∞ control and u-synthesis [19] .
However, most previous methods do not take all uncertainties into account. The back-stepping method and the feedback linearization method can cope with joint elasticity perfectly in theory, but rely on full state measurement and accuracy dynamics. which are not usually available [20] . SPB is effective when the joint stiffness is relatively large [21] , although an adaptive design and robust design methods for rigid manipulators can be introduced. In addition to the dynamics uncertainty of manipulator and joint elasticity, there are nonlinear frictions in the motor. Virtualdecomposition method [22] , adaptive method [23] , H∞ control and u-synthesis can be adopted to cope with nonlinear disturbances in motors. However, these robust methods have many control parameters which are usually sensitive to operational conditions [24] . Therefore, it is of great significance to design a practicable algorithm suppressing vibration for a space manipulator in the presence of dynamic uncertainty and the nonlinear friction disturbance of motors.
In this paper, a novel control method based on a robust torque-tracking controller is proposed to eliminate the vibration caused by joint elasticity and reject the perturbation caused by nonlinear friction in the motor. In order to guarantee the robustness for the dynamics uncertainty of the manipulator, an improved adaptive control algorithm taking both trajectory tracking error and torque prediction error into account is achieved in the motion controller. In the capturing phase, the position-based impedance controller actively absorbs the impact energy. Different from 1D or 2D case in joint space [25] , [26] , both 3-dof translational and 3-dof rotational impedance in Cartesian space are achieved. The space manipulator is mounted on a controlled chaser, forming a free-flying space robot. Although the focus of this paper is on the control of the flexible-joint manipulator, the dynamics of the chaser cannot be neglected. Therefore, a loose coordinated control between the chaser and the manipulator is adopted in task simulation. The relative position and attitude between the chaser and the target is controlled in the pre-capture phase. The chaser controller provides the manipulator with the line acceleration, angular acceleration and angular velocity, and the manipulator controller feeds back the reaction force/torque exerted on the chaser's centroid.
The rest of the paper is organized as follows. In Section II, the capture strategy is introduced, the control problems for manipulator capturing a tumbling target are analyzed, the premises and assumptions are described, and the mathematical model of the free-flying space robot is established. In Section III, the robust and adaptive control method is designed, including a position-based impedance controller, an adaptive motion controller and a robust torquetracking controller. In Section IV, typical cases are simulated to demonstrate the effectiveness of the proposed method. Section V is the conclusion of the work.
II. PROBLEM DESCRIPTION AND MODELING A. INTRODUCTION TO THE CAPTURE STRATEGY
The tumbling motion of a malfunctioning satellite is clear [27] , [28] : its angular momentum H is constant in space. The target spins around the maximum inertia axis x while the x axis is spinning around the H axis, maintaining a certain amount of angle ( Fig. 1) . The complete mission planning is shown in Fig. 2 . The detailed strategy for the free-flying space robot capturing a tumbling target goes as follows:
1) Approach and coordination: The chaser is equipped with the cameras and the laser radars. The chaser reaches a safe position close to the target, identifies the spinning velocity of the target and its H axis, and then coordinates its attitude with respect to it. 2) Servicing satellite spinning: The chaser starts to spin to reach the spinning velocity of the target along H axis [28] . 3) Arm deployment: Manipulator is deployed to the appropriate configuration, and the dexterous workspace of the manipulator covers the entire docking ring. 4) Visual servo: The manipulator approaches the target with visual feedback until the grippers enclose the docking ring. 5) Capturing: The grippers closes, and the manipulator completes the soft-capture of the target. 6) De-tumbling: After the stable complex is formed, the chaser restarts to control, de-tumbling the whole system.
B. THE CONTROL PROBLEM FOR SPACE MANIPULATOR AND SOME PREMISE
In general, the complete process of capturing a tumbling satellite is divided into three phases: pre-capture, capturing and post-capture (de-tumbling). Each phase has specific difficulties and challenges for manipulator controller design. Pre-capture: The chaser will synchronously spin along the H axis of the target [29] , creating conditions for capture missions. The manipulator needs to track the tumbling target by visual servo achieving zero relative motion between the end-tip and the target [30] , [31] . However, the elasticity caused by harmonic drives limits the tracking performance, bringing unexpected vibrations. Furthermore the non-linear friction in the motors, including the viscous friction proportional to angular velocity and Coulomb friction associated with payload, decreases the motion accuracy of the manipulator.
Capturing: The essence of the capturing phase is the transfer and redistribution of momentum. As the large disturbance from the rigid collision between the gripper and the target may break down the chaser controller, the chaser controller is turned off in the capturing phase [32] . There is no additional momentum injected into the coupling system. The momentum is redistributed, transferring from the target to the manipulator and the chaser. In order to avoid damage to the manipulator, the transfer process must be slow and stable. Despite elasticity in the joints, the flexibility is not able to meet the requirements of soft-capture. And there is almost no damping in the joints, which cannot effectively attenuate the energy. How to achieve the ideal impedance characteristic of the manipulator under the interference of harmonic elasticity is a key point.
Post-capture: After forming a stable coupling system, the chaser restarts to unload the momentum of the system by jetting. The manipulator needs to provide a reliable connection between the chaser and the target, and withstand the disturbances and excitations from the chaser [33] , [34] .
This paper focuses on the control scheme of the flexible manipulator, and designs an integrated controller to achieve the motion control and the compliance control of manipulator. The research work in this paper has the following premises and assumptions:
1) The motion state of the target has been accurately identified; 2) The chaser has safely approached the target and rotates synchronously along its H axis; 3) The chaser is under control in the pre-capture phase and post-capture phase. This paper does not consider the orbital dynamics. The relative position and attitude between the chaser and the target are both controlled in the pre-capture phase. The goal of the chaser controller is to reduce the angular velocity of the coupling system to zero in the de-tumbling phase. 4) Gravity-gradient torque, drag effect, residual magnetic moment and etc. are not considered. As the chaser is controlled by jetting, these disturbance torques are small and negligible. The disturbance caused by the flexibility of the solar panels is considered in the simulation. The dynamics of the flexible solar panels is achieved by MSC/ADAMS R . 5) In engineering practice, as the complexity of the identification and reconstruction algorithm of the tumbling target, the period of the chaser controller is limited, 200ms. The period of the manipulator controller is 2ms. 6) The trajectory planning method isn't discussed in this paper. This part is discussed in our previous work [29] . 
C. DYNAMICS OF FLEXIBLE-JOINT MANIPULATOR AND CHASER
The kinematic model of the free-flying space robot is shown in Fig. 3 . Considering the friction effects and the disturbance from the chaser, the dynamics of a flexible-joint manipulator go as:
where, τ l is the vector of physical torque passing through the elastic components, u is the control signal driving motors, K is the stiffness matrix of the flex joint, q m,qm andq m are the angle vector of motor rotor, the angular velocity vector and the angular acceleration vector respectively, q l,ql andq l are the joint angle vector, the joint angular velocity vector and the joint angular acceleration vector respectively, b ω, bω and bv are the angular velocity, the angular acceleration and the linear acceleration of the chaser with respect to the base frame of the manipulator, B(q l ) is the inertia matrix of the manipulator, C(q l ,q l )q l is the vector of Coriolis and centrifugal torques, D(q l ,q l , b ω, bω , bv ) is the disturbance torque caused by the motion of the chaser, J is the Jacobian matrix of the manipulator, h = [u ext , f ext ] T is the external moment/force applied on the end-tip of the manipulator, J m is the rotor inertia of the motors, V fqm is the viscous friction in the motors, and sign(q m )C f is the Coulomb friction.
And the dynamics of the chaser go as:
where, M and F are the torque and force vector applied to the center of mass of the chaser, τ r and f r are the reaction force and torque that the manipulator applies to the chaser, τ f and f f are the reaction force and torque that the flexible solar panels applies to the chaser. M and I are the mass and the inertia of the chaser, ω,ω andv are the angular velocity, the angular acceleration and the linear acceleration of the chaser with respect to the frame of the chaser centroid. The focus of this paper is on the robust and adaptive control method of the flexible-joint manipulator, not on the modeling method of the solar panels [35] , [36] . But for the high-fidelity of the simulation, the disturbance from the flexible solar panels must be considered. So the dynamics of the flexible solar panels is achieved by means of MSC/ADAMS R . The 6 order vibration modes of the flexible solar panel are shown in Fig. 4 . The parameters of the free-flying space robot are listed in Table 1 .
III. THE CONTROL METHOD
A manipulator needs to behave with high-stiffness to ensure high motion accuracy in the motion control and behave with ideal impedance characteristics to ensure flexibility in the capturing phase. In this paper, a robust and adaptive control scheme ( Fig. 5 ) is proposed consisting of the impedance controller ( Fig. 6 ), motion controller, and torque-tracking controller. The position-based impedance controller corrected the desired trajectory based on the end-force sensing, then the adaptive motion controller generated the desired driving torque; finally, the torque-tracking controller achieved the tracking of the desired torque, eliminating the bad influence of joint elasticity.
The whole control scheme is inspired by the position-based impedance controller: the inner controller is the robust and adaptive controller, and the outer controller is the impedance controller. If the manipulator is subjected to external force/torque, the impedance controller will shape the desired trajectory based on the impedance characteristics and the force sensing, obtaining the compliance trajectory. In the pre-capture phase, the manipulator moves in free space. In free space motion, the end force/torque is set to 0, and then the impedance controller does not work, achieving the high-precision motion of the manipulator. In the capturing phase, the end force increasing rapidly, and the impedance controller works to achieve the soft-capture of the target. In the de-tumbling phase, the stiffness of the impedance controller is enough to provide a reliable connection between the chaser and the target. The end force/torque is calculated from the joint torque sensing. In the real practice, the joint torque sensing is with noise. So we set the end force/torque threshold 3N/3Nm. When the calculated value does not exceed the threshold, the end force/torque h is set to 0.
Since the cycle of the manipulator controller (2ms) is different from the cycle of the chaser controller (200ms), the loose coordinated control between the chaser and the manipulator is adopted: the chaser provides the manipulator with the line acceleration, angular acceleration and angular velocity, and the manipulator feeds back the reaction force/torque exerted on the chaser's centroid. The period of the data exchange is 2ms.
A. SIX-DOF IMPEDANCE CONTROLLER
In order to make the end tip behave compliantly, both the translational impedance and the rotational impedance are considered. Before formally defining the mechanical impedance of a manipulator, four frames should VOLUME 7, 2019 be introduced: the fix base frame of the manipulator b , the actual end-tip frame e , the desired end-tip frame d and the compliant frame c which is used to describe the compliant trajectory. Note that, if the reference frame is b , no superscript is used.
The translational impedance equation goes as follows:
where, p dc is the displacement with respect to b between the origin of the two frames, d and c , M P , B P , K P are the translational mass matrix, the translational damping matrix and the translational stiffness matrix respectively, f ext is the end-tip force subjected from the environment. The rotational impedance represented by the alternative Euler angle (ZYX) [37] goes as:
where, ϕ dc is the ZYX body-fixed Euler angle which is extracted from c R d , M o , B o , K o are the rotational mass matrix, the rotational damping matrix and the rotational stiffness matrix respectively; c u ext is the end-tip moment subjected from the environment with respect to c , f ext c u ext can be calculated with torque sensors in joints, T( ϕ dc ) is the transformation matrix depending on the choice of the particular Euler angle.
An acceleration-level redundancy resolution for a 7-Dof manipulator is adopted to transform the trajectory from the Task Space to the Joint Space. The design of this part is briefly introduced in Appendix A. For more detailed design, refer to our previous work [38] .
B. IMPROVED ADAPTIVE MOTION CONTROL CONTROLLER
Turn Equation (1) into a form which is linear in dynamic parameters.
where, Y is regressor of the dynamic model, and π is the vector which is the combination of the dynamic parameters of each link [22] . The adaptive control law is designed as follow:
where, s =q l −q r is the tracking error,π is the estimation of the dynamic parameter and updated as in the adaptive law:
where, W is the filtered version of Y, e p is called the prediction error which is the difference between the predicted output and the measured output. P is the adaption gain which is a time-varying positive definite matrix. These items are written as follows:Ṗ
where, s is a complex constant in the Laplace transform. The dynamics is Y filtered by a low-pass filter to avoid the joint acceleration.
Consider the Lyapunov function candidate:
Differentiating and yields:
The detailed proof is shown in Appendix B. According to the Lyapunov theory, the stability of the adaptive method is guaranteed. The update of the parameters in proposed adaptive controller is more reasonable than the one in the trackingerror-based (TEB) adaptive controller [39] , [40] , because both the influence of the trajectory error and the torque error are considered.
C. ROBUST TORQUE-TRACKING CONTROLLER
The elasticity caused by harmonic drive deforms the desired torque τ d . To cope with the joint elasticity, the nonlinear disturbance in motors and the disturbance resulting from the movement of the chaser, a robust control method is designed. Equation (1) ∼ (3) can be rewritten as follows:
where, the inertia matrix B, the inertia of motor rotor J m , the disturbance torques d l , d m are all bounded:
The disturbance d m includes viscous friction and Coulomb friction in the motor. The disturbance d l includes the Coriolis and centrifugal torques and the disturbance torques resulting from the movement of the chaser.
Taking τ 1 as the state variable, the input-output equation can be derived:τ
The control signal consists of two parts:
where, τ c is designed with the pole assignment method to ensure the system stability, τ o is designed with a robust method rejecting the perturbation. The control law of τ c is designed as follows:
where,Â 0 andÂ 1 are the estimate of A 0 and A 1 , τ e = τ d -τ 1 is control error, C 0 and C 1 are control gains. The control law of τ o is designed as follows:
where,Ã + 0 ,Ã + 1 ,d + are the upper bound ofÃ 0 ,Ã 1 , d respectively, z^is the estimate ofτ l andz is the predicted error oḟ τ l . These items go as follows:
The idea of the design τ c is based on feedback linearization. A 0 τ 1 is the feedback item which will be cancelled in the system, andτ d + C 0 τ e + C 1τ e means that the 2rd derivative of the desired torque is corrected by the PD control of the torque. Finally, the poles of the closed-loop system can be assigned by adjusting C 0 and C 1 . And τ o is designed with robust methods in order to reject the perturbation resulting from the nonlinear friction and model parameters uncertainty. Similar to slide-mode control, this design is rendered attractive by a discontinuous control law. The idea of the robust design τ o is based on the Lyapunov function which was introduced in section III.D.
The torque sensing and its high-order derivatives are required in the robust algorithms for flexible joints. The torque sensing is with noise and if it's differentiated, sharp strikes arise. In order to avoid a bad situation, the Kalman observer is designed. The Kalman filter of torque sensing based on the Brownian motion [41] is described in Appendix C.
D. THE STABILITY PROOF OF TORQUE-TRACKING CONTROLLER
Rewriting the Equation (15):
The poles of system can be assigned arbitrarily by adjusting C 0 and C 1 . And to improve the performance of the manipulator, the perturbation τ p needs to be compensated by τ o . A robust observer is designed as follows:
where, r is the feedback item designed according to Equation (21):
And in order to ensure the asymptotic stability of the observer, τ o is designed as Equation (18). The stability of the robust observer can be proven with Lyapunov's direct method. V = 1/2z 2 is chosen as the Lyapunov function candidate. Differentiating it yields:V <0, and the stability is proved.
E. THE CONTROL LAW OF THE CHASER
The control of the chaser is not the focus of our article, but it must be considered. As the manipulator is mounted on the aircraft, the movement of the chaser will disturb the control of the manipulator and the movement of the manipulator will also interfere with the control of the platform. In the paper, the chaser is simplified to a single rigid body, and the change of the mass (inertia) of the chaser caused by jetting is ignored. A simple PD control method based on the dynamics of the chaser goes as follows: (25) where u M and u F are control signals of the chaser,ω bd andv bd are the desired angular acceleration and linear acceleration, ε dm and ω dm are the quaternion error and the angular velocity error, p dm and ṗ dm are the position error and the velocity error. ω m is the angular velocity of the chaser. The reaction force/torque from the manipulator will feed forward in the chaser controller.
In the pre-capture phase, the relative position and attitude between the chaser and the target are both controlled. In the de-tumbling phase, the goal of the chaser controller is to reduce the angular velocity of the coupling system to zero.
The actuators of the chaser are jet engines. The forces and moments generated by jets are constant. The control signals are converted to the duration of the jets in each control cycle based on the principle of momentum averaging.
Since this paper focuses on the control of flexible joint manipulators and does not focus on chaser control, the assumptions of these aircraft control schemes are reasonable. In addition, the design of the chaser controller doesn't specially consider eliminating the disturbance form the panels, only rejecting the disturbance by PD controller. This may increase the control error of the chaser, but it does not affect the verification of the manipulator control method. On the contrary, this chaser condition is more severe for the manipulator, which is more convincing for verifying the robustness of the manipulator controller.
IV. SIMULATION STUDY
The co-Simulation environment with MSC/ADAMS R and MATLAB/SIMULINK R is created, 3D models of space robot and a tumbling target established in ADAMS R , all control algorithms achieved in MATLAB/SIMULINK R .
In force simulation, we adopt the impact contact in ADAMS as the contact model. According to Hertz contact theory [42] , the model reads as:
where, N is normal force, K c is the contact stiffness, e is the force exponent, δ is the penetration depth which is the threshold Adams/Solver turns on full damping, and D is the damper which defines the damping properties of the contacting material. In simulation, the contact parameters referring to the tutorial of ADAMS go as: K c = 10 6 N/m, D = 100Ns/m, e = 1.5, δ = 0.1mm. The mass and inertia of the tumbling target is shown in Table 2 . And the control gains of our method are shown in Table 3 .
A. THE PERFORMANCE OF MOTION CONTROL
In order to verify the performance for suppressing vibration in motion control, our algorithm is compared with PD method (choosing motor signals as feedback) and SPB method. In the case of tracking the tumbling target based on visual feedback, the end-position error (with respect to the base framework O-x0y0z0) of three methods is shown in Fig. 7 . The planning method based on visual feedback refers to the related work [29] , [43] .
The movement of the chaser with control errors will disturb the manipulator. In addition, the noise of hand-eye visual adds to the burden on the controller. These disturbances will excite the vibration of the manipulator which is controlled by PD method. The SPB method has similar problems, and according to the singular perturbation theory, it is only applicable to the manipulator with weak joint elasticity. According to the simulation result, the end-positions of the manuscript with the PD method and SPB method have obvious long-period fluctuation and short-period fluctuation. In the excitation of the external disturbance, the elasticity of harmonic drive will cause the vibration of joint position, resulting in short-period fluctuations in the end-tip. In addition, the elasticity and the nonlinear friction in the motors limit the response ability of the manipulator, resulting in long-period fluctuations. The torque controller and the robust observer in the proposed method can suppress the vibration and reject friction disturbance effectively, so its performance is much better than the other two methods, the end-tip error not exceed 4mm, without the long-period fluctuation and with much smaller short-period fluctuation.
B. THE PERFORMANCE OF IMPEDANCE CONTROL
The destructive damage to the manipulator will be caused by the collision between the grippers and the docking ring if any compliance method is not adopted.
The proposed 6-Dof impedance controller achieves the desired impedance characteristics of the manipulator in Cartesian space. When capturing a tumbling satellite, the manipulator behaves like a desired mass-spring-damper system to absorb the impact energy. The effectiveness of the proposed impedance control algorithm is shown in Fig. 8 . The responses of the joint torque with impedance control are much smaller and decrease faster than the case which only relies on the elasticity of harmonic drives.
C. CAPTURING A TUMBLING SATELLITE
In order to verify the proposed capture strategy and analyze the performance of the control method in the whole capture process, dynamic simulations were performed for the free-flying space robot capturing the tumbling target. The control signal of the manipulator is shown in Fig. 9 . In the pre-capture phase and de-tumbling phase, in order to cope with the motion excitation of the chaser and the non-linear friction in the joints, the robust observer works and causes a small fluctuation of the control torque. During the capturing phase, the driving torque will increase, but there is a good damping response due to the effectiveness of the impedance control. The target is with large inertia and in a bad tumbling motion; in order to ensure a proper safety distance in the capture mission, the length of the manipulator is close to 4m. Although impedance control can reduce the joint torque and decay the torque rapidly, these two reasons do cause the maximum joint torque to approach to 150Nm. In the design, a suitable harmonic drive can be chosen in the arm to achieve a torque output of 150Nm.
The control signals of the chaser are shown in Fig. 10 . Below each image of the whole-process control signal, there is an enlarge view of the most concentrated range of the control signal. The force generated by jets is constant, 30N, and the moment applied at the center of mass is also constant, 40Nm. The controller adjusts the jetting duration in each cycle. In the pre-capture phase, in order to create conditions for the capture of the robotic arm, the relative position and attitude between the chaser and the target are controlled. During the capturing phase (about 300∼350s), the controller is turned off to avoid inputting additional momentum. Momentum is redistributed between the chaser, the manipulator and the target, and is attenuated by the manipulator's impedance controller to form a stable composite. In the de-tumbling phase, the position of the coupling system is not controlled. The attitude is controlled to upload the momentum of the coupling system.
The end-tip vibrations of the solar panels (Point A and Point B) are shown in Fig. 11 . Below each image of the whole-process vibration, there is an enlarge view of the vibration in the capturing space. In the pre-capture phase and post-capture phase, the vibrations do not exceed 8mm. In the capture phase, the chaser is subjected to large disturbance due to the contact between the end-gripper and the target, the momentum transmitting from the target to the chaser. The solar panels are excited to vibrate, the maximum vibration approaching to 30mm. The manipulator's impedance controller works to smooth the process of the momentum redistribution, suppressing the vibration of the solar panels gradually.
The angular velocity of the target satellite and the chaser are shown in Fig. 12 . In the pre-capture phase, the chaser is under control to spin with the target synchronously, creating conditions for the visual servo of the manipulator. In the capturing phase, the angular velocity of the two stars changes drastically. Under the action of the manipulator in impedance control, the momentum exchange between the two stars is steadily performed, eventually forming a stable complex. Later, the chaser's controller restarts to de-tumble the coupling system. After de-tumbling, the residual velocity of the complex does not exceed 0.3 • /s.
V. CONCLUSION
The main contribution of this paper is proposing a novel control method for a space robot capturing a tumbling satellite with large inertia. The synchronous rotation of the chaser along the H-axis of the target greatly reduces the relative motion between the two satellites, creating a condition for the capturing mission. The robust and adaptive control scheme was achieved to solve the contradiction between high stiffness required for motion control and the flexibility required for soft-capture of the target. The improved adaptive controller was designed to cope with the uncertainty of dynamics, and the robust torque-tracking controller was achieved to cope with the elasticity caused by harmonic drives and the non-linear friction in motors. When the manipulator capturing a tumbling target, the position-based impedance controller made the end-tip behave a mass-spring-damping system to absorb the impact energy. The whole control scheme achieves the high-precision motion performance in the pre-capture phase, the soft-capture in the capturing phase and offers a reliable connection between the chaser and the target in the de-tumbling phase. And the control scheme is not limited to this application, and can also be used for the space robot to perform other tasks, such as repairing satellites, carrying payload etc., or the control of the ground lightweight manipulator.
In fact, capturing a tumbling satellite with space robot is very challenging work. This paper only focuses on the control of space manipulator. In the future, we will pay more attention to the null reaction control of the manipulator in the precapture phase, the contact dynamics between the grippers and the target in the capture phase (in this paper the contact is achieved by ADAMS R ), the optimal control of the chaser in the de-tumbling phase and the ground experiment verification.
APPENDIX

A. AN ACCELERATION-LEVEL REDUNDANCY RESOLUTION FOR A 7-DOF MANIPULATOR
The trajectory in the task space should be switched to the joint space, an acceleration-level redundancy resolution for a 7-Dof manipulator adopted:
The acceleration planning in the task space is designed as follows [44] :
where a o , a p are angular components and linear components of the vector a;ω d is the desired angular velocity of the manipulator's end tip; R e is the transformation matrix from b to e ;Ṫ (ϕ de ,φ de ) is the time derivative of T (ϕ de ); ϕ de is the ZYX body-fixed Euler angle which is extracted from e R d ; K Po , K Do , K Pp and K Dp are the control gains;
The null space joint accelerationsq n goes as:
where, −K vql representing the damping of the joint velocity (K v > 0) to stabilize the motion in the null space; −∇E is the negative gradients of the objective function E. In order to minimize the change of the manipulator's configuration during the operation E is designed as follow:
where, q pre is the vector of the pre-defined suitable configuration for pre-capture.
B. STABILITY PROOF OF THE IMPROVED ADAPTIVE CONTROLLER
Consider the Lyapunov function candidate: Consider the dynamic equation of the manipulator: Notice that the two items C(q l ,q l )q r (Coriolis and centrifugal torques caused from the motion of the arm links) and D(q l ,q l , b ω, bω , bv ) (Coriolis and centrifugal torques caused from the motion caused from the cahser) can be cooperated into the item C(q l ,q l , b ω, bω , bv )q r , C is the Coriolis matrix of the manipulator considering the motion of the chaser. where, X (t),Ẋ (t) andẌ (t) are a torque signal and its firstorder and second-order derivatives respectively, ζ (t) and υ(t) are both the white noise signals representing process and measurement noises respectively, y is the measured value of the signal. Discretizing the above equation and the state matrices of discrete forms are shown as follows: 
where, is the discrete form of the state transition matrix, t = 2ms is the sampling period, Q k is the matrix of process noise, σ k is the variance of the process noise signal, υ k is the measurement noise signal.
The Kalman filter is designed as follows:
where, P k is covariance matrix, K k is Kalman gain, R k is the variance of the measurement noise signal.
